Several hydrolytic and reductive bacterial enzymes (P-glucuronidase, GN; /3-glucosidase, GS; arylsulphatase, AS; azoreductase, AR; nitroreductase, NR) involved in production of mutagenic or genotoxic metabolites were measured in human colonic contents. Cellassociated AS and extracellular GS were approximately twice as high in the distal colon compared with the proximal bowel, while AR changed little throughout the gut. Measurements of these enzymes in faeces from seven healthy donors confirmed that the majority were cell-associated, and demonstrated high levels of inter-individual variability. NR decreased four-fold between the proximal and distal colon while extracellular GN was reduced by 50%. Most probable number (MPN) analysis on faeces obtained from six healthy donors showed that counts of intestinal bacteria producing GS and AR were c. 10" and 10l1/g, respectively, in all samples tested. Numbers of GN-and AS-forming organisms were between two and three orders of magnitude lower. Interindividual carriage rates of bacterial populations synthesising NR were highly variable. Screening of 20 pure cultures of intestinal bacteria, belonging to six different genera, showed that Bacteroides ovatus, in particular, synthesised large amounts of GS, whereas B. fragilis, B. vulgatus and Bijidobacterium pseudolongum formed the highest cellassociated levels of GN. In general, bifidobacteria and Lactobacillus acidophilus did not produce significant amounts of AR. All five clostridia studied (Clostridium bifementans,   C. septicum, C. perfringens, C. sporogenes and C. butyricum) produced NR and AR, as did the bacteroides (B. fragilis, B. ovatus and B. vulgatus) . Escherichia coli and C. perfringens formed large amounts of NR. Levels of AS production were invariably low and few of the organisms screened synthesised this enzyme. In-vitro studies investigating the effect of intestinal transit time on enzyme production, in a three-stage (Vl-V3) continuous culture model of the colon operated at system retention times (R) of either 31.1 or 68.4 h, showed that specific activities of GS were up to four-fold higher (V3) at R = 31.1 h. Bacteriological analysis demonstrated that representative populations of colonic micro-organisms were maintained in the fermentation system, and indicated that changes in GS activity were not related to numbers of the predominant anaerobic or facultative anaerobic species within the model, but were explainable on the basis of substrate-induced modulation of bacterial metabolism.
Introduction
The large intestine harbours the largest and most complex microbial ecosystem associated with the human body, consisting of several hundred different strains of anaerobic bacteria, with numbers exceeding 1O1'/g of gut contents [l-31. This microbiota is variety of chemical agents with carcinogenic or cocarcinogenic potential. Exposure of the intestinal microbiota to potential toxicants may occur due to their presence in the diet [9] , by biliary excretion of endogenously metabolised substances into the intestine, enzymic activation of procarcinogens by the gut microflora [lo-121, or by direct production of mutagenic substances by intestinal micro-organisms PI.
Previous investigations [ 10-181 have indicated that certain hydrolytic and reductive enzymes produced by intestinal bacteria, such as P-glucosidase (GS), Pglucuronidase (GN), azoreductase (AR) and nitroreductase (NR), together with arylsulphatase (AS) [19-251, are capable of metabolising a wide range of compounds in the normal diet, forming toxicologically active products (Table 1) . Although the toxicological significance of many of these reductive and hydrolytic bioconversions is at present unclear, the importance of GN and NR in absorption and activation of 1 -nitropyrene, a common environmental mutagen, has been demonstrated in vivo [26] . There is also evidence for direct involvement of GN in carcinogenesis in rats [6] .
While previous studies have measured levels of these enzymes in human faeces, and in animal models, there are few data concerning their activities within the colon itself, and little information on the environmental factors that regulate production in human intestinal bacteria.
The objectives of this study were to measure the activities of hydrolytic and reductive enzymes related to genotoxicity in different regions of the large bowel, enumerate and identi@ the bacterial populations involved, and investigate physiological, environmental and ecological factors that affect their synthesis.
Materials and methods

Human large intestinal samples
To compare enzyme activities in different regions of the large bowel, human colonic contents were collected within 4 h of death fi-om three individuals who had died suddenly, by procedures validated by Cummings et al. [27] . Material was taken from the caecum and ascending bowel (proximal colon), and from the descending bowel and sigmoid-rectum (distal colon). Fresh faeces were also obtained from seven healthy donors (three females, four males, aged 22-63 years), for measurements of hydrolytic and reductive enzymes associated with production of genotoxic substances (Table 1) . Immediately after intestinal samples had been obtained, slurries 10% w/v were prepared with anaerobic Tris buffer (0.1 M, pH 7.0).
Enzyme assays
GS, GN and AS activities were determined by methods described by Wise et al. [28] . Samples for analysis of extracellular enzymes were prepared from intestinal contents fi-om which particulate matter had been removed by centrifugation (20 000 g, 30 min). Cellassociated enzymes were measured in the pelleted material, which was washed twice and resuspended to the original volume in anaerobic Tris buffer (0.1 M, pH 7.0). Substrates were p-nitrophenyl P-D-glucopyranoside, p-nitrophenyl-P-D-glucuronide, p-nitrophenylsulphate (1 mg ml) respectively, and assays were incubated for up to 120min at 37°C. Because of the lability of AR and NR, whole culture samples were assayed at 30-, 60-and 120-min intervals. Substrates were prepared in anaerobic potassium phosphate buRer (0.1 M, pH 7.0) and comprised amaranth (0.15 mM:) and nitrobenzoic acid (0.06 mM), respectively. Rates of enzyme activity were shown to be linear over these incubation times. All assays were carried out in an anaerobic chamber (atmosphere H2, 10%; COz, 10%; N2, 80%). Most probable number studies on human faeces growth medium consisted of the following (g/L) in To quantify bacterial populations forming hydrolytic and reductive enzymes associated with genotoxicity in the large intestine, freshly voided faeces were obtained from six healthy donors. After mixing in a stomacher (5 min), l-g portions were serially diluted in 9-ml volumes of pre-reduced Wilkins-Chalgren broth. Five replicates of each dilution were prepared. Dilutions between lo3 and 1013 were incubated in an anaerobic chamber for 3 days at 37°C. Samples were then removed for assay of AS, GN, GS, AR and NR. Assays were scored on a +/basis and most probable numbers were calculated with the 10-fold dilution, fivereplicate tables of Alexander [29] .
Screening of intestinal bacteria for synthesis of hydrolytic and reductive enzymes involved in genotoxicity
A variety of intestinal bacteria were grown in prereduced peptone yeast extract glucose (PYG) [30] broth in 60-ml serum bottles (Wheaton). Samples from duplicate cultures were taken during exponential growth and the bacteria were removed by centrifugation (20 000 g, 30 min) . The cell-free culture supernates were retained, as were the bacterial pellets, which were washed twice in anaerobic Tris buffer. Cell-associated and extracellular activities of GS, GN and AS were subsequently determined. AR and NR assays were done with whole cultures, as described previously. 
Factors affecting enzyme synthesis in a threestage continuous culture model of the large intestine
A three-stage continuous culture system ( Fig. 1 ) was used to grow mixed populations of intestinal bacteria under environmental conditions (nutrient availability, pH) similar to those occurring in the proximal (vessel 1) and distal (vessels 2 and 3) colons. The fermenters were stirred continuously and maintained at 37°C with heated water jackets. Operating volumes were 280 ml (Vl), 280ml (V2) and 320ml (V3); pH in the fermenters was regulated by New Brunswick modular pH controllers set at 5.5, 6.2 and 6.8, respectively. The distilled water: pectin, 0.6; xylan, 0.6; arabinogalactan, 0.6; inulin, 0.6, Lintner's starch, 5.0; guar gum, 0.6; casein, 3.0; peptone water, 3.0; yeast extract, 2.5; porcine gastric much (Sigma Type 111), 5.0; tryptone, 3.0; K2HP04, 2.0; NaHC03, 0.2; NaCl, 4.5; MgS04.7H20, 0.5; CaC12.2H20, 0.45; cysteine, 0.4; FeS04.7H20, 0.005; haemin, 0.01; bile salts, 0.05; Tween 80, 2.0. The three fermenters were each inoculated twice with 30-ml volumes of a 40% w/v slurry prepared from fieshly voided faeces from a healthy donor, with an interval of 48 h between inoculations. For the first 52 h, anaerobic conditions were maintained by continuous sparging with oxygenfree nitrogen (2.4 L/h). Thereafter, the system remained anaerobic without external gassing. After equilibration for a further 25 h, sterile medium was pumped to V1, which sequentially fed the other two vessels via a series of weirs, to give a total system retention time (R) of either 3 1.1 h or 68.4 h. Retention time was calculated as the reciprocal of dilution rate, and total system retention time was taken as the sum of individual retention times for each fermentation vessel. Following establishment of putative steady state conditions (nine culture turnovers), samples of spent culture fluid (50 ml) were removed on at least three separate occasions at a minimum of two system culture turnovers apart. From each sample, 40 ml was prepared as outlined above for determination of enzyme activities involved in synthesis of toxic metabolites. Enumeration of marker bacterial populations was achieved as follows: samples (1 ml) were serially diluted in half-strength, pre-reduced peptone water under anaerobic conditions, and 0.1 -ml volumes of selected dilutions were plated, in triplicate on to the following culture media, which had been pre-reduced for at least 12 h in an anaerobic cabinet: Wilkins-Chalgren agar (total anaerobes), MRS agar (bifidobacteria and lactobacilli), Beerens agar [3 11 (bifidobacteria), Rogosa agar (lactobacilli), azide blood agar base (anaerobic cocci and enterococci), MacConkey agar no. 2 (enterobacteria and enterococci), perfringens agar with antibiotic supplements (C. perfringens) and bacteroides mineral salts medium (Bacteroides spp.) [32] . Aerobic populations were enumerated with nutrient agar. Plates were incubated for up to 5 days (aerobically or in an anaerobic cabinet) and the predominant bacteria were identified by morphology, Gram's reaction, API identification tests (bioMerieux) and fermentation product formation [33] .
Culture dry weights
These measurements were made as described by Degnan and Macfarlane [34] .
Chemicals
Unless otherwise stated, all chemicals were obtained from Sigma. Bacteriological culture media were purchased from Unipath. 
Waste collection
Results
Hydrolytic and reductive enzyme activities in different regions of the large intestine
These enzymes were measured in samples taken from the proximal and distal colons of three persons who had died suddenly ( Table 2) . Significant GS, GN, NR, AR and AS activities were detected, although distinct regional variations in activity were observed with some enzymes. For example, cell-bound AS and GS activities were considerably higher in the distal bowel than in the proximal colon; conversely, NR activity in the proximal bowel was approximately twice as high as in the distal large intestine. AR and cell-bound GN levels remained relatively constant throughout the large gut. The majority of GS and GN was cell-associated, but comparatively high levels of extracellular GN and AS activities were present in colonic contents.
Hydrolytic and reductive enzyme activities in faeces
Data in Table 3 show that faecal activities of all five test enzymes were similar to those measured in intestinal contents. However, the range of activities in different faecal samples was considerable. Thus, GN could not be detected in some faeces, whereas other individuals had very high activities. With respect to GS, GN and AS, their activities were mainly cellbound, with the overall cellular distribution of activities being similar to those of colonic contents. AS levels to the total anaerobe counts. Populations of NRwere low in all the faecal donors, whilst high levels of producing organisms varied over six orders of magni-GS and NR were detected. tude (loglo) in the six volunteers studied. Although GN and AS were the least commonly detected enzymes in faeces (Table 3) for their abilities to produce GN, GS, NR, AR and AS.
The activities of these enzymes varied considerably in different gut micro-organisms (Table 4 ). GS and AR were formed by many different types of bacteria, whereas GN and AS were synthesised by relatively few species. Generally, the highest activities were detected with GS; AS and GN activities were low in comparison. Clostridium spp. and Bacteroides spp. were the major producers of AR and NR. B. ovatus formed high levels of AR and GS. C. perfringens and E. coli synthesised considerable amounts of NR, whereas BiJidobacterium spp. generally formed considerable cell-bound GS. GN and AR production was low in this genus. three-stage continuous culture model of the large See footnote to Table 2 .
intestine was used to study the effects of nutrient availability and intestinal transit time on enzyme formation in vitro. Expression of hydrolytic and reductive enzymes involved in synthesis of intestinal mutagens varied in different vessels of the fermentation system ( Table 5 ). As was found in intestinal contents, the great majority of GS and GN activity was cellassociated. Extracellular and cell-bound activity of these enzymes increased from V1 to V3 at R = 31.1 h, but with the exception of extracellular GS, this did not occur at R = 68.4 h. Cell-bound GS was four-fold higher in V3 at R = 31.1 h than at R = 68.4 h. Azoreductase also increased from V1 to V3, but activities of this enzyme were higher in all fermentation vessels at R = 68.4 h. Nitroreductase synthesis progressively declined from V1 to V3 at R = 31.1 h. However, the activity of this enzyme increased considerably in all culture vessels when retention time was extended to 68.4 h, being 15-fold greater in V3 under these growth conditions.
Anaerobic bacteria predominated in all culture vessels, outnumbering facultative micro-organisms by two to three orders of magnitude (Table 6) . Increasing R to 68.4 h gave higher recoveries of virtually all bacterial groups, although this effect was most significant with the facultative populations. This was primarily related to increases in enterobacterial and enterococcal cell numbers. The major intestinal anaerobes were detected in the gut model, with Bacteroides spp. (B. fragilis  group) being most numerous, although significant populations of lactobacilli and bifidobacteria were also recorded, particularly at R = 68.4 h.
Discussion
The large intestine is the second most common site for carcinoma in man [35] and faeces from individuals living in Western societies frequently contain mutagenic substances, as indicated by the Ames test [36, 371. Hitherto, there has been no general agreement regarding the aetiology of bowel cancer, although factors such as diet, environment and genetics have all been implicated [38] . It has been speculated that tumours occur 100 times more often in the hindgut than in the small intestine [39] , indicating that the colonic microbiota plays an important role in carcinogenesis. It has also been suggested that a mechanism whereby intestinal bacteria may be involved in these processes is by the production of carcinogenic metabolites from non-toxic precursor molecules [40] , and a variety of hydrolytic and reductive enzymes responsible for carcinogen production are known to be produced by colonic micro-organisms (Table 1) .
The proximal large bowel in healthy individuals is inaccessible for routine microbiological investigation. For this reason, most studies on the colonic microbiota have focused on faecal material. However, bacterial populations and their metabolic activities in faeces may not be representative of those in the caecum and ascending colon. Therefore, in this investigation, digestive material was obtained from different regions of the large intestines of persons who had died suddenly, for comparative determinations of cell-bound and extracellular bacterial enzyme activities involved in production of genotoxins.
Glycosidase measurements (GS, GN) confirmed previous observations that these enzymes were primarily cell-associated in colonic contents [4 11. Attempts to characterise AR and NR in this way resulted in substantial losses in activity, even when anaerobic procedures were used. Therefore, their activities were measured in whole cultures. Table 2 shows distinct regional differences in the activities of several enzymes in the large gut. The proximal colon contained significantly higher amounts of total (extracellular and cell-bound) GN and NR, while digestive material in the distal bowel contained considerably higher levels of GS and total AS. Despite these marked differences, the overall physiological significance of these enzyme activities to the host is unclear, as many other factors affect the production and activities of mutagenic substances in the colon, such as availability of precursor substrates and degradation or bioconversion of mutagenic compounds to nontoxic substances by intestinal bacteria, while mutagenic or genotoxic metabolites may be inactivated by non-specific binding to particulate substances in the gut lumen.
The large inter-individual variations in faecal activities of enzymes associated with genotoxicity (Table 3) can be explained in terms of carriage rates of specific bacterial populations, community structure of the microbiota, differences in host physiologies, such as hepatic and biliary secretory activities and intestinal transit times, which govern substrate availabilities in different regions of the colon, as well as diet, which affects levels of inducer and repressor substances reaching the large gut.
Studies with rats have demonstrated that diet can have a significant effect on enzyme synthesis in intestinal bacteria [42] . When animals fed a grain-based meal were changed to a predominantly meat diet, they excreted significantly higher levels of faecal NR, AR and GN, while GS activities in faeces were reduced. From these observations, it was suggested that the association of high meat diets and colon cancer in man could be linked to bacterial enzyme expression. Changes in GN in the rats, which was a slow process occurring over many days, was believed to result fiom alterations in the species composition of the colonic microbiota, rather than modulation of bacterial metabolic profiles, whilst the reduction in GS was associated with down-regulation of enzyme synthesis. Other environmental factors influence bacterial enzyme activities in the large intestine, for example, intracellular GN in E. coli and C. perfringens has been reported to be increased by bile salts [43] , whereas GN and bile acid excretion in human faeces are known to be elevated during consumption of high fat diets [44, 451.
Enumeration of faecal micro-organisms forming hydrolytic and reductive enzymes involved in producing Total anaerobes 9.3 (0.5) Total aerobes 5.0 (0.1) Bifidobacteria 6.4 (0.5) B. fragilis group 8.0 (0.1) C. perfringens 6.4 (0.1) Lactobacilli 7.7 (0.7) Anaerobic cocci and enterococci 6.6 (0.1) Enterobacteria 4.9 (0.2) 9.0 (0.1) 5.6 (0.3) 7.0 (0.1) 8.0 (0.2) 6.5 (0.4) 6.0 (0.1) 4.7 (0.5) 7.9 (0.2) 8.4 (0.2) 5.6 (0.1) 6.4 (0.2) 8.1 (0.9) 7.0 (1.4) 7.8 (0.3) 6.3 (0.6) 4.0 (0.1) 9.8 (0.6) 7.8 (0.1) 7.6 (0.2) 8.9 (0.2) 8.7 (0.6) 8.3 (0.5) 8.3 (0.1) 7.6 (0.2) 10.0 (0.6) 7.3 (0.3) 6.2 (0.7) 9.3 (0.2) 7.5 ( 0 5 ) 8.9 (0.7) 8.6 (0.5) 6.9 (0.6) 9.5 (0.1) 7.5 (0.1) 8.4 (0.3) 7.9 (0.3) 8.9 (1.1) 8.4 (0.1) 7.2 (0.1)
Counts are loglo cfu/ml; results are means (SD), n = 3. genotoxic substances, by MPN methods, demonstrated that the predominant colonic anaerobes formed AR. Moreover, these results showed great variability in the relative numbers of bacteria producing other enzymes associated with genotoxicity, particularly with respect to GN and NR (Fig. 2) . Although few data are available concerning the identities or physiologies of bacteria involved in NR formation in the large intestine, Rafii et al. [ 121 identified several clostridia that produced this enzyme, in a single human faecal sample, including C. leptum, C. paraputrijcum and C. clostridiiforme. Their investigations confirmed that aromatic amines were the primary products of NR activity, and that the enzymes involved had broad substrate specificities. Other studies, with C. perfringens, demonstrated that AR and NR activities were manifested by a single enzyme [46] . Data in Table 4 which show that AR activities were comparable to NR ativities for C. perfringens provide further evidence for this. However, disparities in the MPN results shown in Fig. 2 indicate that this may not be a widespread trait in gut micro-organisms. Various colonic anaerobes have been reported to reduce a wide range of water soluble azo dyes that are used in foods, drugs and cosmetics, including fusobacteria, peptostreptococci, eubacteria, bacteroides, coprococci and acidaminococci [Ill. This study also demonstrated that azo reduction was an anaerobic process that was inhibited by glucose in B. thetaiotaomicron. A physiological role for azo reduction, as an electron sink during anaerobic growth, has been suggested for Ent. faecalis [47] . The ability to dispose of excess reducing power in this way would be energetically favourable to fermentative bacteria growing in the large gut.
In this investigation, screening of a range of intestinal bacteria for their abilities to synthesise enzymes involved in the formation of genotoxins (Table 4) demonstrated that, in agreement with the MPN studies, GS and AR were the most commonly produced, while the taxonomic distribution of bacteria forming GN and AS was more restricted. In view of their ubiquity in the bowel, and their high levels of synthesis of GS , GN and NR (B. vulgatus) , a key role can be postulated for Bacteroides spp. in intestinal genotoxicity. The expression of significant levels of GN and GS by several bifidobacterial species also implicates these organisms in the formation of toxic substances in the colon.
The physiological importance of AS activity in the large intestine is that sulphation of bile acids increases their polarity, thereby decreasing their enterohepatic circulation. Thus, desulphation of' these genotoxic metabolities by colonic micro-organisms makes them more hydrophobic and reduces their faecal excretion. Very little is known concerning either the activities, numbers or taxonomies of AS-producing bacteria in the human large bowel. However, results obtained in this study indicate that C. perfingens together with some bacteroides and bifidobacteria form this enzyme, while an unspeciated clostridium has been isolated fi-om rat faeces that produced an AS with restricted substrate specificities, which was active against 3 a-sulphate esters of bile salts but not 3p-, 7por 12a-sulphates [22] . Previous work had shown that AS formed by clostridia in the rat gut was oxygen sensitive [20] .
One of the main reasons for bacterial species diversity in the large intestine is thought to be the wide range of substrates that are potentially available for fermentation [48] . In in-vitro experiments with the threestage gut model, faecal bacteria were grown on a wide range of polymerised carbon and nitrogen sources to maintain a complex ecosystem. The model was designed to reproduce the nutritional and physiochemical environments found in different regions of the colon. Thus, culture medium was fed to V1, which had the greatest nutrient availability and acid pH similar to the proximal colon; pH increased and cultures became progressively more nutrient-limited in vessels 2 and 3, as occurs in the distal bowel [49] .
Transit time of digestive material through the large intestine is an important factor affecting growth and metabolism of colonic bacteria, particularly in the carbohydrate-limited distal bowel, and is typically c. 60-70 h in the United Kingdom [50] . Therefore, bacterial enzyme synthesis was studied at two system retention times in the colon model, one fast (R = 31.1 h), the other similar to mean colonic transit times in the general population (R = 68.4 h).
Activities of enzymes such as GS, GN, AR, NR and AS in the colonic microbiota are influenced by various inducer and repressor substances acting in concert, and enzyme activators and deactivators may affect the metabolism of individual species in different ways. Data in Table 5 suggested that increases in cellassociated GS and GN in V2 and V3 at R = 31.1 h resulted from partial relief of catabolite regulation, in the presence of enzyme inducer, as carbon availability became limiting in these culture vessels. However, the reverse occurred with NR, indicating depletion of enzyme inducers in V3 under C-limitation. At R = 68.4 h, GS activities declined from V1 to V3, demonstrating inducer-limitation under these culture conditions.
Cell-associated and extracellular GN and GS in the gut model could have been produced either by the same, or by different micro-organisms. The increase in extracellular activities of these enzymes observed from V1 to V3 at R = 31.1 h, and with GS at R = 68.4 h may have been partly due to cell death and release of intracellular enzymes following lysis of bacteria, during culture under nutrient depletion. However, the absence of any extracellular GN at the higher retention time is indicative of limitation of enzyme inducer under these growth conditions.
Bacteriological measurements were made on the continuous culture system (Table 6 ), firstly to ascertain that a microbiota representative of the large intestine was maintained in the model, and secondly, to validate the enzyme data and determine whether variations in hydrolytic and reductive enzyme activities could be related to bacteriological changes that occurred during growth under different cultural conditions. With few exceptions, the marker bacterial populations varied little in different culture vessels (V1 -V3); however, changing R from 31.1 to 68.4 h increased virtually all cell counts in the microbiota in all culture vessels.
Because specific activities of GS were up to four-fold higher (V3) at R = 31.1 h, the bacteriological analysis confirmed that changes in GS activity could not be related to numbers of the predominant anaerobic or aerobic species within the model, but that, similar to the feeding studies of Goldin and Gorbach [42] , were explainable on the basis of substrate-induced modulation of bacterial metabolism.
